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Baltic coastal lagoons are severely threatened by eutrophication. To evaluate the impact of
eutrophication on macrophytobenthos, we compared the seasonal development in
macrophytobenthic composition, biomass and production, water column parameters
(light, nutrients), phytoplankton biomass and production in one mesotrophic and one
eutrophic German coastal lagoon. We hypothesized that light availability is the main driver
for primary production, and that net primary production is lower at a higher eutrophication
level. In the mesotrophic lagoon, macrophytobenthic biomass was much higher with
distinct seasonal succession in species composition. Filamentous algae dominated in
spring and late summer and probably caused reduced macrophytobenthic biomass and
growth during early summer, thus decreasing vegetation stability. Light attenuation was far
higher in the eutrophic lagoon, due to high phytoplankton densities, explaining the low
macrophytobenthic biomass and species diversity in every season. Areal net primary
production was far lower in the eutrophic lagoon. The “paradox of enrichment” hypothesis
predicts lower production at higher trophic levels with increased nutrient concentrations.
Our results prove for the first time that this hypothesis may be valid already at the primary
producer level in coastal lagoons.
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INTRODUCTION

At the southern Baltic Sea coast, an intricate system of coastal lagoons connects terrestrial ecosystems
with the open Baltic Sea, acting as a filter for nutrients and dissolved organic substances originating
from their catchment areas. These lagoons differ in their connectivity with the open sea and size of
there catchment areas, whichinfluence the lagoons ecosystem response to eutrophication (Cloern,
2001). Lagoons of the Baltic Sea can be classified either as estuarine, with direct river discharge, or
marine, without direct river discharge (sensu Tagliapietra et al., 2009). Especially in estuarine lagoons
of the southern Baltic Sea, high nutrient supplies from their catchment area have accelerated pelagic
primary production and caused high water turbidity and a massive reduction of the
macrophytobenthos (Schiewer, 1998; Munkes, 2005). The macrophytobenthos has up to now
not recovered (Schiewer, 1998; Munkes, 2005) though nutrient discharges have considerably
decreased since the 1980ies in accordance with national and European water framework
directives (Berthold et al., 2018a), Macrophytobenthos increases the structural and functional
complexity of shallow waters including coastal lagoons (e.g. Duffy et al., 2001) and is therefore a
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key component of shallow aquatic ecosystems.
Macrophytobenthos consists of “rooted canopy forming”
tracheophyte species, rooted “bottom-dwellers”, loosely
attached macroalgae, and filamentous algae growing as
epiphyton. The complex structure of the macrophytobenthos
can slow down hydrodynamic movements (Gregg and Rose,
1982), store and immobilize nutrients (Pederson and Borum,
1997), elevate sedimentation rates and, thus, redirect resources
from the pelagic to the benthic system (Kennedy et al., 2010).
Macrophytobenthos improves habitat diversity and fosters a rich
and diverse associated fauna by providing structural support,
shelter from predation and food to higher trophic levels (Hansen
et al., 2011; Wlodarska-Kowalczuk et al., 2014). The influence of
the macrophytobenthos on its environment depends strongly on
the seasonal development of the vegetation canopy and the length
of the growing period (Sayer et al., 2010), which is determined by
the number of seasonal strategies and, thus, the species richness of
the community.

Generally, the macrophytobenthic growing period starts in
spring with the growth of rooted species, often fueled by storage
metabolites (Middelboe and Markager, 1997) resulting in a
macrophytobenthic biomass maximum in summer (Jankowska
et al., 2014). Macrophytobenthic primary production is limited
mainly by light (Pärnoja et al., 2014; Piepho, 2017) and nutrient
availability (Granéli and Solander, 1988). New growing leaves are
substrate for fast growing filamentous algae. Fast growing
filamentous algae have the ability to take up 30% of occurring
dissolved inorganic phosphorus pulses (Howard-Williams and
Allanson, 1981). It leads to high production and growth of this
group of macrophytes under elevated nutrient concentrations.
Proliferating filamentous algae growing on macrophytes prevent
leaf uptake, shade and outcompete their host for carbon and
nutrients, resulting in an overall reduced production of the
overgrown macrophytes (Madsen and Brix, 1997; Apostolaki
et al., 2011).

During progressive eutrophication, light availability decreases
in the water column because of increasing phytoplankton
densities, causing a breakdown of the macrophytobenthos at a
certain critical turbidity and a sudden shift to an alternate,
phytoplankton-dominated turbid state. The existence of such
alternative stable states has not only been shown for
freshwater lakes (Scheffer et al., 1993), but also been assumed
for brackish water ecosystems such as Baltic Sea coastal lagoons.
In a eutrophication gradient in coastal waters of the Baltic Sea
(Dahlgren and Kautsky, 2004), observed a change from slow-
growing rooted macrophytes to filamentous sheet-like, fast
growing species to phytoplankton dominance, similar to
changes in freshwater ecosystem, where tall macrophytes with
a short vegetation period form an instable “crashing” state
between an stable clearwater and a stable turbid state (Sayer
et al., 2010).

High self-shading within the phytoplankton assemblage
decreases the euphotic zone and phytoplankton gross primary
production, and can explain why nutrient enrichment does not
further increase pelagic NPP in coastal ecosystems, once a certain
threshold is exceeded (Oviatt et al., 1986; Schiewer, 1998). In
lakes, higher pelagic NPP has consequently been found under

lower nutrient concentrations. Higher total system primary
production at lower nutrient and higher light conditions is
further explained by the fact that submerged vegetation,
together with its epiphyton, is highly productive and the main
contributor to total production under these conditions (Lopez-
Archilla et al., 1992; Blindow et al., 2006). This pattern supports
the “paradox of enrichment” hypothesis originally described by
Rosenzweig (1971), which predicts lower production with
increasing nutrient availability. While Rosenzweig (1971)
described this decrease in production for higher trophic levels
due to increasingly instable predator-prey relationships, a
corresponding decrease has thus been observed in shallow
lakes already evident on the primary production level. For
coastal lagoons, Schiewer (1998) and Kemp et al. (2001)
assumed lower production of higher trophic levels after
eutrophication, caused by reduced trophic efficiencies, but
empirical evidence is scarce. Also for coastal lagoons, we
assume that a paradox of enrichment already may occur at the
primary producer level.

Here, we compare the seasonal development in
macrophytobenthic species composition, biomass and net
primary production (NPP) in two lagoons of the southern
Baltic Sea under different eutrophication pressures: the
mesotrophic marine Westrügensche lagoon, and the outermost
part of the eutrophic estuarine Darß-Zingst lagoon system. We
discuss the seasonal variation of the macrophytobenthos in
relation to pelagic NPP, underwater light climate, nutrients
and lagoon system attributes. We predict that one-the
underwater light availability is the main driver of seasonal
development of the macrophytobenthic community in the
mesotrophic lagoon two-the macrophytobenthic species
numbers are lower, the vegetation period is shorter and the
NPP reduced in the eutrophic lagoon and three-the total areal
NPP is lower in the eutrophic than in the mesotrophic lagoon.
Increased knowledge of drivers and mechanisms of the
macrophytobenthos and the changes affecting this community
during eutrophication is essential to improve management
strategies for the recovery the macrophytobenthos in lagoons
of the southern Baltic Sea.

MATERIALS AND METHODS

Investigation Areas
The mesotrophic, marine Westrügensche lagoon is
approximately 170 km2 with an average depth of 1.9 m. It is
connected to the Baltic Sea in the northeast and in the south,
resulting in a strong water exchange. Its catchment area is
relatively small, and only a slight increase in nutrient
concentrations was detected in the 1980–1990 (Blindow and
Meyer, 2015). The extension and cover of the
macrophytobenthos did not change over the last 90 years, but
changes in macrophytobenthic species composition and
vegetation architecture were observed in the last decades
(Blindow et al., 2016). In the Westrügensche lagoon, the
samples were taken in the Vitter Bodden, between the island
of Rügen and Hiddensee (Figure 1). The shallow coast south of
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Kloster in the north of Hiddensee was chosen as the sampling
location at 54°34.810′N and 13°6.913′E. Here, the
macrophytobenthos density increases with depth, from 1 m
down to 2.8 m water (the maximum depth of the Vitter
Bodden), where it reaches up to 70% coverage. At water
depths below 1 m, Ruppia spp. dominates the vegetation with
patches of Chara spp. Between one and 1.5 m water depths,
Stuckenia pectinata is dominating, and Fucus vesiculosus can
build extensive patches. Zostera marina dominates below
1.5 m (Blindow et al., 2016; Bühler, 2016).

The eutrophic, estuarine Darß-Zingst Bodden Chain (DZBC)
consists of four linked lagoons, which receive different freshwater
(and nutrient) influxes, have different nutrient cycling,
planktonic community structure and NPP. This lagoon system
has been monitored since 1969 with eutrophication documented
until the middle of the 1990s (Schiewer, 2007). The DZBC shows
almost no recovery from eutrophication over the last 30 years.
Freshwater and nutrients are flowing into the DZBC from two
rivers, the Recknitz and the Barthe (Figure 1). Here, we focus on
the outermost lagoon of the DZBC, the Grabow, which represents
21% of the total area of the four lagoons (Figure 1, Correns,
1976). The Grabow is the only lagoon of the system with a direct
connection to the Baltic Sea. The total nitrogen (TN) and total
phosphorus (TP) concentrations in the Grabow (100 and 2 mol
L−1, respectively) are about 50% lower than the innermost part of
the DZBC (Berthold et al., 2018a). The shallow coast east of
Dabitz was chosen as the sampling location (54°21.976′N and
12°48.418′E), where the macrophytobenthos reaches high cover

down to water depths of 1.2 m and is dominated by S. pectinata
(Blindow and Meyer, 2015).

Water Column Parameters
Physical Parameters and Nutrients, Pigment and
Seston Concentrations
The Vitter Bodden was monitored biweekly from March 2017 to
april 2018. The Grabow was monitored once a month at a central
cite (Buoy B53, 54°23.483′N, 12°51.146′E). Temperature and
salinity were measured using a WTW Cond 1970i, probe
Tetracon 325. Secchi depth was additionally determined.
Water samples for determination of nutrients, pigments and
seston were taken using a 1.5 m long acrylic glass tube with a
diameter of 10 cm to ensure sampling of the entire water column
in Vitter Bodden. A Limnos water sampler was used to sample
surface water in Grabow. Here, complete mixing of water column
can be assumed for most days of the year (Schubert and Foster,
1997).

Seston concentrations were determined after filtering a known
volume of water through pre-weighed GF/F (Vitter Bodden, Co.
Whatman) and GF6 filters (Grabow, Co. Whatman), which were
dried at 60°C until constant weight was achieved. GF6 filters were
used to prevent clogging of the filter by a high cyanobacterial
biomass with large mucuous envelopes (Schumann et al., 2001).
In an investigation performed during 2014, about 1.2 μg L−1 Chl a
were lost through GF6-filters (mean value, n � 21), equivalent to
2.6% of the Chl a concentrations obtained after GF/F-filtration
(unpublished results).

FIGURE 1 | Map of sampling sites at Grabow (Darß-Zingst Bodden chain) and Vitter Bodden (Westrügensche Bodden), southern coast of the Baltic Sea. Colors
indicate water depths. White lines denote main riverine inflow of the rivers Recknitz and Barthe in this area. Maps were created with Ocean Data View (Schlitzer, 2018).
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For pigment analyses, water samples were filtered on same
types of filters in triplicates and stored frozen. Pigments were
extracted with 96% ethanol and analyzed spectrophotometrically
(HELCOM 2014; LUNG SOP-Nr: 640-Chlorophyll-KG).
Chlorophyll a values were converted into biomass assuming a
C:Chl a−1 weight ratio of 31 (Schumann et al., 2009. Despite the
large variation of this ratio (10–130) in coastal waters the annual
average was choosen to allow comparison between studied
lagoons. Subsamples for nutrient analyses were frozen
immediately after sampling for total nutrients and after
filtration through cellulose acetate (0.45 µm) for dissolved
nutrients. TP, TN, dissolved inorganic phosphorus (DIP) and
dissolved inorganic nitrogen (DIN) were analyzed at the
Biological Station Zingst (University of Rostock, Germany). TP
and TN (10–15 ml per analysis) were digested with an adapted
alkaline persulphate procedure (Huang and Zhang, 2009;
Berthold et al., 2015) to phosphate and nitrate, respectively. A
continuous flow analyser (Alliance Instruments, 5 cm cuvette)
was used to determine TP and DIP (Murphy and Riley, 1962;
Malcolm-Lawes and Wong, 1990). The determination limit was
0.05 μmol L−1 and the combined standard uncertainty 4.2% for
DIP as well as 0.22 μmol L−1 and 8.7% for TP. Nitrate was
measured after conversion to nitrite at a cadmium reductor
column and nitrite by the same method without the catalyzed
reduction step as an azodye (Hansen and Koroleff, 1999). Nitrate
was corrected by nitrite. Samples were diluted for nitrate and TN
with ultrapure water (Purelab Flex, Elga) by 2–20 times. The
samples were measured in a segmented flow analyser (FlowSys,
Alliance Instruments) equipped with a 5 cm cuvette (Armstrong
et al., 1967). Determination limit for nitrate was 0.32 μmol L−1

and 3 μmol L−1 for TN. Ammonium was measured as an
indophenol blue dye photometrically (Hansen and Koroleff,
1999). Samples had to be diluted by up to five times. The
samples were measured in a photometer (Hach, 5 cm cuvette).
Determination limit is 0.7 μmol L−1 and the combined standard
uncertainty 6.3%.

Underwater Light Climate
The solar irradiance data were provided from the German
Meteorological Service measured at Arkona station (St.-Nr.
00183) near the two sampling locations. The solar irradiance
was recorded as the sum of solar radiation in J cm−2 s−1 in 10 min
intervals and transformed into photosynthetic active radiation
(PAR) in μmol m−2 s−1 by using a conversion factor of 2.04 (Meek
et al., 1984). Underwater irradiance (PAR0) was calculated from
solar irradiance, Sun elevation and water attenuation (Walsby,
1997). The light attenuation coefficient (Kd) is the slope of log
PAR0 with increasing water depth. The variation of Kd for both
lagoons depends on several turbidity parameters and was
calculated employing the formula by Xu et al. (2005):

Kd � 1.17 + 0.024 Chl a + 0.006 seston − 0.0225 salinity

where Chl a is the chlorophyll a concentration in μg L−1, seston
the seston concentration in mg L−1, and salinity. The data for the
calculation were taken from one biweekly recording of the
parameters in Vitter Bodden and from a monthly monitoring

of Grabow. At both locations, measurements of light attenuation
at the sampling location (Kpar) were additionally recorded with
three underwater quantum sensors (LI-192, LICOR Biosciences,
Lincoln, United States) attached to a bar at intervals of 50 cm
using a LI-1400 (LICOR Biosciences, Lincoln, United States)
during the macrophytobenthic biomass determination in the
lagoons (see below). Measurements were taken for 5 min every
second at mid day during each of the sampling occasions. If
available, measured Kpar was used for estimating PARz above the
macrophytobenthic canopy.

The underwater irradiance above the macrophytobenthic
canopy at 0.75 m water depth (PARz) was derived from the
underwater irradiance (PAR0) by applying the Lambert-Beer law:

PARz � PAR0 × exp(−(Kd× z))

The self-shading of macrophytobenthos was taken into
consideration by estimating the available irradiance within the
macrophytobenthic canopy in μmol m−2 s−1 using the equation of
Cerco and Moore (2001):

PARmc � PARz

Kmc ×MPB
(1 − e−Kmc×MPB)

where PARz is the irradiance above the macrophytobenthic
canopy at 0.75 m water depth, Kmc the attenuation by the
macrophytobenthos (Cerco and Moore, 2001), and MPB the
total macrophytobenthic dry mass in mg C m−2.

Biomass and Species Composition of the
Macrophytobenthos
In both lagoons, the macrophytobenthos was sampled in 2017 in
five replicates in spring (March/April) and winter (November/
December) and in 10 replicates in summer (June/July) and late
summer (August/September). All replicates were collected
randomly at a distance of at least 10 m and within three days
during the sampling occasions. The samples were taken at 1 m
water depth using a drop trap consisting of a 1.2 m high
aluminum frame with a bottom area of 0.25 m2. The trap was
lowered from the side of a small boat into the water. The enclosed
macrophytobenthos was removed using a metal bow rake. The
samples were taken to the laboratory and sorted. The
macrophytobenthos was identified to the lowest taxonomical
level possible (Table 1). All samples were blotted dry, and wet
mass for the entire macrophytobenthos was determined. If
filamentous algae were present, a subsample was analyzed for
species composition. Afterward, the samples were dried at 60°C
until constant weight was reached. Organic carbon content of
each sample was determined using an elemental analyser (Flash
EA 1112, Thermo Scientific, Milan, Italy) at the LIENSs stable
isotope facility of the University of La Rochelle, France (Table 2).

Net Primary Production of the
Macrophytobenthos
Hourly oxygen evolution rates were calculated of the single
macrophytobenthic taxa per gram dry mass (mg O2 g DM−1
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h−1) in relation to the available irradiance within the
macrophytobenthic canopy. Single species approach was
chosen to incorporate seasonal variability in
macrophytobenthic species composition, which differ
considerably in their photosynthetic parameters. The following
steps were repeated for the available irradiance within the
macrophytobenthic canopy for each of the seven days during
each sampling occasion to access daily variation of hourly oxygen
evolution rates. Two different equations were used based on the

models given for the single macrophytobenthic taxa in the
literature (Table 2). The equation of Walsby (1997) was
employed:

P � Pmax(1 − e
−α× PARmc

Pmax ) + β × PARmc + Rd

where Pmax is the maximum oxygen evolution rate in mg O2 g
DM−1 h−1, α the initial slope of the photosynthetic irradiance
curve in mg O2 g DM−1 h −1 (µmol photons m−2 s−1)−1, PARmc

TABLE 1 | Complete list of macrophytobenthic species sampled in Vitter Bodden and Grabow from March to December 2017.

Phyla Class/Order Dominant taxa Growth form Live cycle Growth period Sources

Rhodophyta Ceramiales Ceramium spp. filamentous Annual May-August Kiirikki and Lehvo (2012)
Gigartinales Furcellaria lumbricalis Loosely attached Annual March-May King and Schramm (1976)

Ochrophyta Laminariales Chorda filum Attached thallus Annual May-September
Ectocarpales Ectocarpus spp. filamentous Annual April-August Kiirikki and Lehvo (2012)

Sytosiphon lomentaria Attached thallus Perennial May-June
Fucales Fucus vesiculosus Loosely attached Perennial May-September King and Schramm (1976)

Chlorophyta Ulvophyceae Ulva sp Attached thallus Annual na
Chaetomorpha linum filamentous Perennial na

Charophyta Charophyceae Chara baltica Rooted thallus Annual - perennial May-September Blümel (2004)
Tracheophyta Saxifragales Myriophyllum spicatum Rooted plant Perennial June-August

Alismatales Stuckenia pectinata Rooted plant Perennial May-September
Zannichellia sp Rooted plant Annual May-September Blindow et al. (2016)
Ruppia spp. Rooted plant Perennial May-September
Zostera marina Rooted plant Perennial n.a Apostolaki et al. (2011)

TABLE 2 | Ratios and equations used to calculate biomass and production of the model.

Taxa
sampled

g DM/
g FM

g AFDM/
g DM

gC/g
DM

mgChl
a/

g DM

Sources
Chl a

Pmax Q10

Pmax

α β Rd Model Sources
photosynthesis

Ceramium spp. 0.099* 0.651* 0.301 2.26 7 10.21 1.04 0.104 -1.926 Jasby and Platt
(1976)

4, 5

Furcellaria fastigata 0.197* 0.699* 0.329 2.38 6 2.765 0.78 0.023 -0.244 Jasby and Platt
(1976)

5

Chorda filum 0.138* 0.709* 0.248 6.50 7 2.045 0.95 0.011 -0.35 Jasby and Platt
(1976)

4, 12

Ectocarpus sp. 0.101* 0.658* 0.342 1.55* 9.949* 0.97 0.077* -0.0007* -0.936 Walsby (1997) 4, 5
Sytosiphon
lomentaria

0.101* 0.695* 0.277 1.55* 9.949* 0.97 0.077* -0.0011* -0.936 Walsby (1997) 3, 5

Fucus vesiculosus 0.211* 0.757* 0.346 4.74 13 5.852 1.13 0.030 -0.758 Jasby and Platt
(1976)

5

Ulva sp 0.079 0.616* 0.215 6.50 5 13.377 1.49 0.162 -2.007 Jasby and Platt
(1976)

12

Chaetomorpha
linum

0.07* 0.575* 0.1915 1.07 10 10.634 1.02 0.087 -0.467 Jasby and Platt
(1976)

12

Chara baltica 0.225 0.460* 0.177 1.80 2.212 1.73 0.011 -0.36 Walsby (1997) 11
Myriophyllum
spicatum

0.165 0.705* 0.349 1.84 9 3.699 1.54 0.0280 -0.551 Walsby (1997) 2, 14

Stuckenia
pectinata

0.153 0.844* 0.343 3.47 11 2.788 1.64 0.030 -0.504 Walsby (1997) 11

Zannichellia sp 0.114 0.844* 0.33 1.22 1 1.308 1.64 0.0071 -0.582 Walsby (1997) 2, 11
Ruppia spp. 0.180 0.873* 0.315 4.46 11 2.871 1.64 0.0096 -0.385 Walsby (1997) 11
Zostera marina 0.199* 0.767* 0.303 7.05 6 3.115 1.25 0.045 -0.875 Jasby and Platt

(1976)
12

α slope of the photosynthesis-irradiance curve where irradiance is limited (mg O2 g DM−1 h−1 [µmol photons m−2 s−1]−1), AFDW ash free dry mass, β coefficient of photoinhibition, CC
carbon content, Chl a Chlorophyll a, DM dry mass, Pmax maximum photosysnthesis (mg O2 g DM−1 h−1), Rd dark respiration (mg O2 g DM−1 h−1), Q10 temperature coefficient. All
photosynthetic parameters are temperature corrected and given at 9°C. *indicates when factors where taken from own measurements. 1 Angradi (1993); 2 Blümel (2004); 3 Evans et al.
(1986); 4 Johansson and Snoeijs (2002); 5 King and Schramm (1976); 6 Lapointe and Tenore (1981); 7 Leskinen et al. (1992); 8 Madsen and Brix (1997); 9 Marcus (1980); 10 Menendez
et al. (2002); 11 Piepho (2017); 12 Plus et al. (2005); 13 Russell et al. (2012); 14 Stanley and Naylor (1972).
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irradiance within the macrophytobenthic canopy in μmol m−2

s−1, β the factor of photoinhibition and Rd the dark respiration in
mg O2 g DM

−1 h −1. The second equation employed to calculate
hourly oxygen evolution rates of single macrophytobenthic
species was taken from Jasby and Platt (1976):

P � Pmax × tan h(α × PARmc

Pmax
)

All photosynthetic parameters, either taken from own
measurements or from the literature (Table 2), were corrected
for temperature. Own photosynthetic parameters were fitted to
photosynthesis-irradiance measurements for Ectocarpus sp. and
Syctosiphon lomentaria. As described in Piepho (2017), dark
adapted apical shoots of plants were incubated in a 2.5 ml
cuvette within a photosynthetic light suspension system.
Oxygen evolution rates were measured in triplicates at nine
light intensities from 13 to 2,000 μmol m−2 s−1 at constant
temperature. The seasonal photosynthetic parameters were
calculated with the following equation (Prosser, 1961):

Psmax � Pmax × Q10(T2−T1)/10

where Pmax is the maximum photosynthetic rate in mg O2 g
DM−1 h−1 at T1 9°C, Psmax the seasonal maximum photosynthetic
rate in mgO2 g DM

−1 h−1 at the seasonal mean water temperature
T2 in either of the two sampled lagoons. Species-specific Q10

values were calculated for Pmax and used to temperature-correct
the initial slope of the photosynthetic irradiance curve (α) and the
factor of photoinhibition (β). For the dark respiration a fixed Q10

of 1.94 was assumed (Rasmusson 2015).
The species-specific hourly productivity (mg C DM−1 h−1) was

calculated from positive hourly oxygen evolution rates assuming
a photosynthetic quotient of 1.2 during daytime (Oviatt et al.,
1986). Negative hourly oxygen evolution rates were transformed
into hourly respiration (mg C DM−1 h−1) during night-time
assuming a respiration quotient of 1.1 (Oviatt et al., 1986).
The species-specific hourly productivity and night-time
respiration were multiplied with species-specific DM to
calculate the species-specific daytime hourly net primary
production (NPP) and respiration (mg Cm−2 h−1). Daytime
hourly NPP refers to primary production exceeding respiration
during hours of daylight. Daily NPP was calculated from the sum
of species-specific hourly production and respiration within each
sample representing the amount of oxygen produced by each
macrophytobenthic species during the hours of sunlight, which is
not lost by respiration during the night. The sum of all species-
specific daily NPP within a sample was regarded as the total daily
macrophytobenthic community NPP. The described steps were
repeated for all samples at both locations. For seven days covering
each sampling occasion at both lagoons hourly daytime
productivity, daytime hourly NPP, daily NPP, and total
community daily NPP are reported as sampling occasion
averages and were calculated by non-parametric bootstrapping.

Pelagic NPP
The hourly daytime pelagic NPP was measured at both
locations in parallel to the quantitative sampling of the

macrophytobenthos in 2017. Each of ten bottles was filled
with prefiltered ambient water (<55 µm) from the sampling
location to remove larger zooplankton. Thus, pelagic NPP
consisted of phytoplankton gross primary production and
community (bacteria, phytoplankton and microzooplankton)
respiration. Four bottles were covered with aluminum foil (dark
bottles) and used to determine the respiration. Six bottles (light
bottles) were placed pairwise in the water column at the surface,
half and total average annual Secchi depth. In Vitter Bodden the
light bottles were deployed at 0, 0.8 and 1.6 m water depths, in
Grabow at 0, 0.25 and 0.5 m water depths. Oxygen
concentrations were measured (HQ40days, LDO, Hach-
Lange) before the incubation and in the light bottles after
incubation over 4 h (11 am–3 pm). For light bottles, hourly
oxygen evolution rates were calculated from concentration
differences between before and after incubation divided by
the hours of deployment. Pelagic NPP was measured at each
location on an average sunny day during the sampling occasion.
Significant differences in ambient irradiance between sampling
locations were only detected during the spring deployment
between lagoons. The dark bottles were kept deployed for
24 h in a closed box within the water before measuring the
final oxygen concentration. Percentages of oxygen saturation
measured were converted into mg O2 L

−1 using solubility values
to correct for water salinity and temperature (Benson and
Krause, 1984). Water column oxygen evolution rates in light
bottles were depth-integrated for a water column of 1 m by
extrapolating oxygen evolution rates between deployment
depths of light bottles in 1 cm steps. The hourly daytime
pelagic NPP (mg C m−2 h−1) was calculated from hourly
oxygen evolution rates assuming a photosynthetic quotient of
1.2 (Oviatt et al., 1986).

Statistical Analyses
Toassess the uncertainty, error propagationwas calculated as the partial
derivation of each of the formula used to calculate the underwater light
climate and NPP (Supplementary Table S1, Taylor, 1997). Standard
errors of solar radiation, attenuation, temperature and biomass were
used as input variability in the error propagation.

Water column parameters were compared using Wilcoxon
Rank sum test between the lagoons. The same test was used for
the comparison between calculated and measured light
attenuation. Pearson correlation test was used to analyze the
relationship between photosynthetic parameters. Total biomass
and production of the macrophytobenthos were compared by a
two-way analysis of variance with the independent variables season
(March/April, June/July, August/September and November/
December) and location (Vitter Bodden, Grabow) followed by a
pairwise t-test. To achieve normality and homogeneity of
variances, the data were log+1 transformed. Due to their small
sample size and lack of normal distribution, the standard error and
confidence intervals of the mean values of species-specific biomass
and production data were calculated by non-parametric
bootstrapping using the R package boot (Davison and Hinkley,
1997; Canty and Ripley, 2017). The non-parametric bootstrapping
routine of the confidence intervals of the mean used the biased
percentile method (Wang, 2001). We considered the differences
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significant when 95% confidence intervals of the mean were not
overlapping. Seasonal patterns in floral biomass of non-
filamentous macroalgal species were examined using canonical
correspondence analysis (CCA). Water column parameters
included in the CCA were PARmc, the DIN:TP ratio and water
column Chl a concentration. Trends in biomass related to
environmental gradients were analyzed by canonical
permutation tests (number of permutations � 999) using the R
package vegan. All statistical analyses were conducted with R
version 3.5.3 (R Core Team, 2019).

RESULTS

Water Column Parameters
The water temperature in both lagoons was similar and increased
from 4 °C in March to maximum values in July/August (Fig. 2;
Supplementary Table S2, S3). The lowest values were recorded
in both lagoons in December. The highest water temperature was
measured in Vitter Bodden in July reaching 19.8°C, while in
Grabow the highest water temperature of 20.0°C was measured in
August. The salinity ranged from 8.8 to 9.9 PSU in Vitter Bodden
and from 7.8 to 9.5 PSU in Grabow. Seston and Chl a
concentration were markedly higher in Grabow. Thus, the
average monthly calculated light attenuation (Kd) was
significantly lower in Vitter Bodden (n � 24, Z � 3.2, p <
0.01) and showed less variability. The measured attenuation
(Kpar) showed the same difference between the lagoons and
was in agreement only with the Kd in summer and autumn in
both lagoons. Based on measured Kpar, the water depth

penetrated by at least 1% of the surface irradiance (i.e.
euphotic zone) was on average 60% lower in Grabow than in
Vitter Bodden. TP concentrations were about 50% lower in Vitter
Bodden than in Grabow in all seasons. Mean TN concentrations
were three times higher in Grabow than in Vitter Bodden, while
the average DIN:TP ratio was three times higher in Vitter Bodden
than in Grabow.

Seasonal Development of Macrophyte
Community Structure and Biomass
Vitter Bodden
The macrophytobenthic total biomass was on average 27 times
higher in Vitter Bodden than in Grabow, due to higher biomasses
of filamentous algae. Filamentous algae such as Ectocarpus sp.,
Ceramium sp. and Chaetomorpha linum dominated the
vegetation and represented on average 41% of its total biomass
throughout the season (Figure 3). The ratio between rooted and
non-rooted species was lowest in spring (0.5) and highest in
winter (1.0). In spring, Ectocarpus sp. dominated the filamentous
biomass representing 78% of its total biomass, while
Chaetomorpha linum was the dominant filamentous alga in
autumn contributing to 58% to its total biomass. Ceramium
spp. represented up to 28% of the filamentous algae biomass
in winter. S. pectinata and Ruppia ssp. were the most common
tracheophyta and represented together on average 39% of the
total floral biomass. Filamentous algae grew mostly as epiphyton
on these two tracheophyta.

Maximum biomasses of filamentous algae, Fucus vesiculosus
and S. pectinata were recorded in spring. Biomass composition
was highly variable among samples and either dominated by

FIGURE 2 | Attenuation coefficient and water temperature in 2017.
Temperature (°C), salinity, Chlorophyll a (µg L−1) and seston (mg L−1) were
monitored biweekly (Vitter Bodden–VB) and monthly (Grabow–GB). Blue
dashed (VB), and solid lines (GB) show the temperature development for
both sampling locations (March to September). The attenuation coefficient
(m−1) was calculated based on Chlorophyll, seston, and salinity (Xu et al.,
2005), and additionally measured with Li-Cor sensors simultaneously to
macrophyte sampling. Circles (VB) and triangles (GW) show the measured
attenuation coefficients during the sampling occasions (mean values +
standard deviations).

FIGURE 3 | Average biomass in carbon (g C m−2) shown for each
macrophytobenthic phylum in Vitter Bodden and Grabow. Filamentous
macroalgal biomass is highlighted in vertical lines, non-filamentous
macrophyte biomass in dashed lines, and phytoplankton in horizontal
lines. Letters indicate significant differences between total biomasses
(pairwise comparison, F � 3.16, p < 0.05).
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TABLE 3 | Macrophytobenthic biomass in Vitter Bodden and Grabow sampled by drop trap.

Vitter
Bodden

Grabow

April (n � 5) July (n � 10) September (n � 10) December (n � 5) April (n � 5) July (n � 10) September (n � 10) December (n � 5)
Taxa sampled g C m−2 g C m−2 g C m−2 g C m−2 g C m−2 g C m−2 g C m−2 g C m−2

Ceramium
spp.

9.88 ± 2.37 (4.36–13.88) 1.06 ± 0.31 (0.53–1.72) 4.2 ± 1.82 (1.31–8.47) 7.38 ± 1.1 (4.51–8.98) 0 0 0 0

Furcellaria
fastigiata

2.27 ± 1.75 (0.17–8.11) 2.7 ± 1.5 (0.33–6.3) 0.24 ± 0.1 (0.1–0.52) 0.3 ± 0.24 (0–0.97) 0 0 0 0

Chorda filum 0 0.05 ± 0.02 (0.01–0.11) 0.34 ± 0.11 (0.16–0.64) 0.12 ± 0.05 (0.02–0.23) 0 0 0 0
Ectocarpus sp. 20.37 ± 4.64 (10.29–27.97) 4.34 ± 1.27 (2.17–7.01) 4.13 ± 1.81 (1.34–8.98) 0.98 ± 0.8 (0.06–3.68) 0 0 0 0
Scytosiphon
lomentaria

0.21 ± 0.19 (0–0.42) 0.02 ± 0.02 (0–0.06) 0.11 ± 0.1 (0–0.34) 0.06 ± 0.03 (0–0.12) 0 0 0 0

Fucus
vesiculosus

13.54 ± 10.76 (1.15–48.47) 1.82 ± 0.76 (0.66–4.03) 9.51 ± 3.22 (4.15–17.21) 2.41 ± 1.75 (0.31–8.07) 0.06 ± 0.05 (0–0.18) 0.0008 ± 0.0008 (0–0.0024) 0 0

Ulva sp 0.18 ± 0.08 (0.04–0.37) 0 0.05 ± 0.03 (0.01–0.16) 0.01 ± 0.01 (0–0.02) 0.01 ± 0.01 (0–0.02) 0 0 0
Chaetomorpa
halinum

0 0.7 ± 0.19 (0.35–1.15) 11.44 ± 4.93 (4.44–25.51) 4.08 ± 3.1 (0.25–15.07) 0 0 0 0

Chara baltica 0 0.0001 ± 0 (0–0.0004) 0 0 0 0 0 0
Myriophyllum
spicatum

0.8 ± 0.63 (0.01–2.34) 0.04 ± 0.04 (0–0.15) 0.07 ± 0.06 (0–0.26) 0.01 ± 0.01 (0–0.02) 0.05 ± 0.05 (0–0.1) 0 0 0

Stuckenia
pectinata

20.09 ± 7.97 (5.97–37.67) 3.71 ± 0.94 (1.92–5.77) 10.6 ± 2.45 (5.81–14.89) 12.16 ± 2.94 (6.93–19.45) 2.24 ± 0.56 (1.42–3.71) 1.45 ± 0.51 (0.79–3.31) 2.77 ± 0.71 (1.58–4.41) 0.27 ± 0.11 (0.09–0.53)

Zannichellia sp 0 0.01 ± 0 (0–0.02) 0 0 0 0 0 0
Ruppia ssp 0 3.31 ± 1.34 (1.19–7.06) 4.13 ± 1.64 (1.66–8.64) 2.59 ± 1.94 (0.31–7.13) 0 0 0 0
Zostera marina 0.78 ± 0.42 (0.03–1.55) 0.04 ± 0.02 (0.01–0.1) 0.05 ± 0.02 (0.02–0.12) 0.21 ± 0.15 (0–0.6) 0.08 ± 0.06 (0.01–0.24) 0 0 0
Sum 68.12 ± 19.74 (33.79–111.94) 17.8 ± 3.67 (9.52–24.62) 44.87 ± 13.6 (24.44–78.55) 30.31 ± 5.1 (23.0–44.13) 2.44 ± 0.60 (1.49–4.18) 1.45 ± 0.50 (0.77–3.15) 2.77 ± 0.72 (1.57–4.65) 0.27 ± 0.11 (0.1–0.48)

Macrophytobenthic biomass is given in g C per square meter ± bootstrapped standard error and 95% confidence intervals of the mean.

TABLE 4 | Macrophytobenthic hourly daytime productivity (HDP) in Vitter Bodden and Grabow.

Vitter
Bodden

Grabow

April July September November April July September December
Taxa sampled mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−12 mg C gDM−1 m−2 h−1 mg C gDM−1 m−2 h−1

Ceramium spp. 4.11 ± 0.56 (3.2–4.82) 3.94 ± 0.48 (2.4–4.76) 4.26 ± 0.34 (3.87–4.52) 1.35 ± 0.67 (0–0) 0 0 0 0
Furcellaria fastigata 1.03 ± 0.14 (0.79–1.22) 0.89 ± 0.12 (0.56–1.08) 1 ± 0.08 (0.84–1.06) 0.11 ± 0.17 (0–0.27) 0 0 0 0
Chorda filum 0 0.59 ± 0.07 (0.43–0.7) 0.54 ± 0.08 (0.43–0.61) 0 0 0 0 0
Sytosiphon lomentaria 3.11 ± 0.47 (2.41–3.78) 3.06 ± 0.46 (1.85–3.82) 3.52 ± 0.33 (3.05–3.95) 1.21 ± 0.41 (0–0) 0 0 0 0
Ectocarpus spp. 3.15 ± 0.46 (2.37–3.81) 3.1 ± 0.47 (1.9–3.86) 3.58 ± 0.33 (3.06–3.96) 1.23 ± 0.41 (0–0) 0 0 0 0
Fucus vesiculosus 1.85 ± 0.35 (1.19–2.38) 2.08 ± 0.3 (1.26–2.65) 2.22 ± 0.28 (1.82–2.53) 0.51 ± 0.1 (0–0) 1.74 ± 0.34 (1.13–2.29) 2.54 ± 0.29 (2.13–2.84) 0 0
Ulva sp 7.27 ± 0.82 (6.03–8.48) 0 10.36 ± 0.83 (9.33–11.21) 0.95 ± 1.83 (0.03–2.81) 7.06 ± 0.83 (5.85–8.31) 0 0 0
Chaetomorpha linum 0 4.95 ± 0.59 (3.29–5.94) 5.67 ± 0.48 (5.1–6.13) 0.52 ± 0.4 (0.28–1.17) 0 0 0 0
Chara baltica 0 0.9 ± 0.14 (0.54–1.16) 0 0 0 0 0 0
Myriophyllum spicatum 1.39 ± 0.22 (0.99–1.67) 1.67 ± 0.26 (1–2.06) 2.12 ± 0.22 (1.75–2.49) 0.51 ± 0.21 (0–0) 1.33 ± 0.22 (0.9–1.62) 0 0 0
Stuckenia pectinata 1.26 ± 0.17 (0.93–1.5) 1.51 ± 0.21 (0.99–1.85) 1.93 ± 0.19 (1.61–2.21)* 0.59 ± 0.2 (0–0) 1.19 ± 0.18 (0.85–1.43) 2.03 ± 0.18 (1.57–2.22) 0.96 ± 0.2 (0.73–1.51) 0.26 ± 0.07 (0.16–0.4)
Zannichellia sp 0 0.28 ± 0.04 (0.23–0.34) 0 0 0 0 0 0
Ruppia spp. 0 0.93 ± 0.13 (0.65–1.12) 0.96 ± 0.16 (0.73–1.15) 0.07 ± 0.04 (0–0) 0 0 0 0
Zostera marina 1.36 ± 0.15 (1.12–1.54) 1.28 ± 0.15 (0.85–1.52) 1.52 ± 0.09 (1.44–1.61) 0.6 ± 0.27 (0–0) 1.33 ± 0.16 (1.06–1.52) 0 0 0

Macrophytobenthic productivity is given in mgC DM−1 h−1 per square meter ± bootstrapped standard error and 95% confidence intervals of the mean. HDP was calculated from the available irradiance under the macrophytobenthic canopy
(PARmc) and species-specific photosynthetic parameters taken from the literature (Table 2). In winter, for some species bootstrap confidence intervals could not be calculated due to reduced sample size. An asterisk indicates a significant
difference between the lagoons within one season.
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filamentous algae plus tracheophyta or F. vesiculosus plus
Furcellaria fastigiata. The macrophytobenthic biomass was
lower at the beginning of summer, most pronounced in
filamentous algae, which were reduced to 20% of their spring
biomass, while tracheophyta were reduced to 33% of their spring
biomass (Table 3). Species numbers increased from 10 to 14 from
spring to summer. At the end of the summer, macrophyte
biomasses recovered, and tracheophyta reached 70% of their
spring biomass. The biomass of tracheophyta in November
was about the same as in August, while filamentous algae and
some phaeophytes had lost biomass.

Grabow
The total macrophytobenthic biomass was significantly lower in
Grabow than in Vitter Bodden at each sampling occasion (df �
3, F � 3.16, p < 0.05). The most significant difference of total
macrophytobenthic biomass between the lagoons was observed
in spring (p < 0.001). Apart from some drifting Zostera marina
specimens, only four macrophytobenthic species were found
(Table 3). S. pectinata dominated in all seasons representing on
average more than 98% of the total biomass (Table 3). As
observed in Vitter Bodden, the average total

macrophytobenthic biomass in Grabow was reduced to
1.5 g C m−2 at the beginning of summer, and tracheophyta
lost 39% of the biomass present in spring. The species
number decreased to two from spring to summer. In
September, macrophyte biomass recovered and tracheophyta
reached their maximum biomass (2.8 g C m−2). In winter, the
macrophytobenthos was lowest (0.3 g Cm−2).

Drivers of the Seasonal Development
The seasonal changes in macrophytobenthic community structure
in relation to water column parameters were visualized by
multivariate correspondence analysis (Figure 4). Along the first
axis, only samples from Vitter Bodden were separated. Sample
separation reflected the differences in biomass contribution to the
total macrophytobenthos community between species with an
early and late growth period. In spring, the relative biomass
contributions of Myriophyllum spicatum, Enteromorpha sp., and
Ectocarpus sp. were the highest. Ruppia spp, C. linum and Chorda
filum were observed in the samples from June onwards,
corresponding with highest available irradiance within the
macrophytobenthic canopy. This seasonal change in species
composition was correlated to DIN:TP ratio, which decreased
over the season in Vitter Bodden. The second axis refers to the
dominance of S. pectinata in the biomass composition of samples.
At the positive end of the second axis all samples from Grabow are
grouped and clearly separated from all Vitter Bodden samples. The
positive end of the second axis was characterized by the lowest
available irradiance within the macrophytobenthic canopy but the
highest Chl a concentration.

Photosynthetic Parameters of Dominating
Macrophyte Species
Overall there was a strong negative correlation between
maximum oxygen evolution and respiration rates (p < 0.01,
R2 � 0.87). The highest variability of photosynthetic parameters
was found within the attached macroalgae (Table 2), with the
highest maximum oxygen evolution and respiration rates in
Ulva sp. and the lowest in Fucus vesiculosus. The highest
maximum oxygen evolution and respiration rates of
filamentous algae were found in Chaetomorpha linum, while
the lowest values of these two parameters were found for
Ectocarpus sp. Tracheophyta showed the lowest variability in
maximum oxygen evolution rates with the lowest values in
Zannichellia sp. and the highest in M. spicatum. The initial
slope of the photosynthesis-irradiance curve was the highest in
Ulva sp. and the lowest in Zannichellia sp. The Q10 coefficient
for the maximum oxygen evolution rate was the lowest in
Furcellaria fastigata and the highest in Chara baltica. On
average, tracheophyta had a considerably higher Q10 than all
other macrophytobenthos.

Seasonal Development of
Macrophytobenthic Production
The mean macrophytobenthic hourly daytime NPP was 3.5 mg C
m−2 h−1 in Grabow compared to 383.3 mg C m−2 h−1 in Vitter

FIGURE 4 | Canonical correspondence analysis plot for the
macrophytobenthic biomass sampled in spring (March/April, circle), summer
(June/July, triangle), late summer (August/September, square), and winter
(November/December, cross) in Vitter Bodden (blue) and Grabow
(orange). Shown macrophytobenthic species are Ceramium spp,
Chaetomorpha linum, Chorda filum, Ectocarpus spp, Furcellaria fastigata,
Myriophyllum spicatum, Ruppia spp, Stuckenia pectinata, Sytosiphon
lomentaria, Ulva spp.. Environmental factors (arrows) are calculated
underwater irradiances within the macrophyte canopy (PARmc), dissolved
inorganic nitrogen to total phosphorus ratio (DIN:TP), and Chlorophyll a
concentration (Chl a). Positions of macrophytes show their probable
occurrence based on the explanatory variables (PARmc, DIN:TP, Chl a). Only
environmental factors significantly correlated to the ordination (p < 0.01)
are shown.
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Bodden (Figure 5). In Vitter Bodden, the average hourly daytime
NPP of filamentous algae was highest inMarch and lowest in June
with highest variability in August (Figure 5). The average
daytime hourly NPP of tracheophyta and macroalgae
increased between March and August in Vitter Bodden. For
each individual species, average hourly daytime productivity
was similar in Grabow and Vitter Bodden except for S.
pectinata that had significantly lower values in September in
Grabow (Table 4).

In Vitter Bodden, all macrophytobenthos groups had a
positive daily NPP from spring to autumn. The mean value
of daily macrophytobenthos NPP was about two orders of
magnitudes lower in Grabow (39.2 mg C m−2 d−1; range
based on error propagation: 25.7 and 52.8 mg C m−2 d−1)
than in Vitter Bodden (4.1 g C m−2 d−1; range based on error
propagation: 2.9–5.2 g C m−2 d−1; Figure 6; Supplementary
Table S3). In Vitter Bodden, filamentous algae were the main
primary producers contributing to 83% of the total community
daily NPP (mean of all sample occasions), followed by
tracheophyta (11%) and macroalgae (6%). In Grabow, S.
pectinata was the dominant primary producer representing
about 98% of the mean annual daily community NPP. In

Grabow, only tracheophyta and macroalgae had a positive
daily NPP from april until September.

Seasonal Comparison of Pelagic Producer
Biomass and NPP
The mean biomass of pelagic producers was about one order of
magnitude lower in Vitter Bodden (0.1 g C m−2) than in Grabow
(0.9 g C m−2) (Figure. 3). In Vitter Bodden, the mean pelagic
hourly NPP was 104.0 mg C m−2 h−1 with the highest values in
March and June and the lowest values in November (Figure 5).
Here, the hourly NPP was significantly higher in spring than in
late summer. In Vitter Bodden, the hourly macrophytobenthic
NPP was higher than the pelagic NPP in spring, equal in summer
and five times higher in autumn. The mean total hourly NPP per
square meter of both macrophytobenthos and pelagic producers
was three times higher in Vitter Bodden than in Grabow.

In Grabow, pelagic producers represented 50% of
macrophytobenthic biomass in summer and had four-times
higher biomasses than the macrophytobenthos in winter.
Mean pelagic hourly production of phytoplankton was
150.8 mg C m−2 h−1 with the highest values in September and

FIGURE 5 | Average hourly daytime primary production for (A) filamentous algae (B) macroalgae (C) tracheophyte (D) phytoplankton in Vitter Bodden (filled) and
Grabow (open) at sampling occasions. Phytoplankton production was experimentally determined by oxygen evolution in light and dark bottles. The benthic production
from filamentous algae, tracheophyte and macrophytes was calculated using species specific photosynthesis parameters from the literature combined with own
biomass data. Note the different scales.
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the lowest in December. Phytoplankton contributed 98% of total
primary production per square meter in comparison to 2% of the
macrophytobenthos with highest contributions in summer and
lowest in autumn.

DISCUSSION

Seasonal Development of the
Macrophytobenthic Community in Vitter
Bodden
Macrophytobenthic species composition in Vitter Bodden was
similar to earlier observations (Blindow et al., 2016; Meyer et al.,
2019). The main growing period of the macrophyte community
occurred between March and September with maximum biomass
reached in summer.

Species-specific differences in onset and duration of the growing
period could be influenced by the specific needs of individual
species for light and nutrients. In spring, high values of TN:TP and
DIN:TP suggested P limitation with high availability of N, while
low values of these ratios suggested N limitation in summer, which
is supported by previous studies in Baltic coastal areas (Kronvang
et al., 2005; Schumann et al., 2009; Berthold et al., 2018a). The
filamentous alga Ectocarpus sp. which usually starts growing at the
beginning of the season (Wennberg, 1992), contributed most to
macrophytobenthic biomass and may have benefitted from highly
available N in spring. The higher surface to volume ratio of
filamentous algae allows higher P and N uptake rates from the
water column compared to thick leathery tracheophytes (Raven
and Taylor, 2003), which may contribute to the high spring
production and biomass accumulation of this filamentous alga
in spring. At similar TN and TP concentrations, proliferating
filamentous algae were found also in other coastal areas of the
Baltic Sea during spring (Dahlgren and Kautsky, 2004). The strong
decrease of about 75% of the biomasses of macrophytes and
epiphyton in early summer is probably linked to this high
spring production of filamentous algae, which is assumed to
have resulted in a severe decrease in light availability within the
macrophytes canopy. As rooted macrophytes can use sediment
nutrients (Granéli and Solander, 1988), any nutrient competition
with epiphyton is assumed to be of minor importance. High
grazing pressure by macrozoobenthos species may have added
up to this reduction of biomass. In fact, high biomasses of
macrozoobenthic grazers were observed within the vegetation
(personal observation) similarly as in other vegetated Baltic
lagoons (Hansen et al., 2011; Wlodarska-Kowalczuk et al.,
2014). Our results suggest synergetic effects of epiphyton
shading and herbivore grazing triggering macrophytobenthic
biomass loss as assumed by (Hidding et al., 2016). A second
bloom of the green filamentous alga C. linum was observed in
late summer, probably related to the higher availability of P in the
water column in this season. Proliferation ofC. linumwas observed
under similar P concentrations (Menendez et al., 2002). The
reduction in macrophytes total biomass at the end of the season
was most probably caused by autumnal senescence and increasing
hydrodynamic disturbances.

Apart from the temporary biomass decrease in early summer,
the macrophytobenthic biomass was high throughout the
vegetation period in the Vitter Bodden. High species numbers
including different life strategies and species-specific growth
periods may explain the high level of calculated
macrophytobenthic NPP throughout the vegetation season.
Spatial (e.g., distribution, growth forms) as well as temporal
(e.g., seasonal strategies, length of growing season) variation in
the macrophytobenthic community probably had a positive and
stabilizing effect on its NPP. Small, low light adapted species such
as F. fastigiata and F. vesiculosus grow in patches between and
below higher vegetation, mainly consisting of S. pectinata, which
creates a dense macrophytobenthic cover during the summer
months (personal observations). High NPP was observed in
other multi-species macrophytobenthic communities explained
by the averaging species-specific photosynthetic performance
and exposing constantly new tissue to irradiance in dense
canopies (Middelboe and Binzer, 2004). Despite uncertainty in
our estimations of available irradiance within the macrophytes
canopy and macrophytobenthic NPP, calculated
macrophytobenthic NPP in Vitter Bodden was within the range
of temperate seagrass beds (Duarte, 1989) and macrophyte
assemblages in freshwater lakes (Vadeboncoeur et al., 2001).
The seasonal development of the macrophytobenthos in this
mesotrophic lagoon indicates that reduced light availability
within the macrophytobenthos is the most limiting factor with
co-occurring nutrient limitation of epiphyton in spring and late
summer. The underwater light climate has been shown to be the
most relevant limiting factor for primary production of the
macrophytobenthos in coastal waters of the southern Baltic Sea
(Pärnoja et al., 2014; Piepho 2017).

Low Light Availability in Grabow Efficiently
Suppresses Seasonal Development in the
Macrophytobenthos
During 2017, high concentrations of seston and pigments caused
a constantly low light availability in Grabow with a decreased
euphotic zone of 60% in comparison to Vitter Bodden. The
phytoplankton in the whole lagoon system of the DZBC is
dominated by small-celled cyanobacteria of the Cyanobium
clade (Albrecht et al., 2017), which are able to take up
available nutrients very efficiently in this system (Berthold and
Schumann, 2020), due to their high surface to volume ratio
(Friebele and Fasut, 1978; Grillo and Gibson, 1979) resulting
in high biomasses and low underwater light availability. Only S.
pectinata persisted throughout the year. High abundances in clear
water have been observed at somewhat elevated nutrient
conditions and are explained by a competitive advantage of
this fast-growing species under such conditions (Hilt et al.,
2013; Blindow et al., 2016).

Biomass and primary production in the Grabow in 2017 were
similar to what was described in the mid-1980s after the shift from
clearwater to turbid water (Schiewer, 2001). In the early 1980ies,
eutrophication caused a collapse of the macrophytobenthos in the
entire DZBC which became dominated by the pelagic producers
(Schiewer, 1998). Lagoons of the Baltic Sea receive nutrients from
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diffuse run-offs (Berthold et al., 2018b), atmospheric wet and dry
deposition (Berthold et al., 2019) and from sediment (Bitschofsky,
2016; Berthold et al., 2018c). In 1990, new wastewater treatment
plants reduced the discharge of P and N in the lagoons of the
German Baltic Sea by over 89% (Nausch et al., 2011). Despite an
80% decline in nitrogen and phosphate discharge from the direct
river sources, water column nutrient concentrations in the single
lagoons of the DZBC have not decreased in the same magnitude
(Berthold et al., 2018a), and themacrophytobenthos did not recover
in the last 3 decades (Schiewer, 2001; Blindow and Meyer, 2015),
which may be explained by long water retention times within this
lagoon system and low exchange with the Baltic Sea.

Importance of Macrophytobenthos for the
Lagoons’ Ecosystem Functioning
The moderate eutrophication of the Westrügensche lagoon still
allows for a dense and species-rich macrophytobenthos, but with
seasonal dominance of fast growing epiphyton which causes
lower NPP and growth in the overgrown rooted tracheophyta
and, combined with probably high grazing pressure, causes
temporarily biomass decreases. Such seasonally fluctuating
biomass indicates a reduction of vegetation stability, and are
interpreted as an early warning signal of eutrophication, similarly
to former observations in the Vitter Bodden that “bottom-
dwellers” such as charophytes were replaced by taller
macrophytes such as S. pectinata (Blindow et al., 2016). In the
long-term, these changes may cause a decline of
macrophytobenthic species richness and shortening of the
vegetation period, described as a “crashing state” of freshwater
ecosystems (Sayer et al., 2010). Proliferating filamentous algae
have caused a decline of rooted vegetation in response to nutrient
enrichment in other lagoons of the Baltic Sea over the last decades
(Dahlgren and Kautsky, 2004).

Decreases in macrophytobenthic biomass weaken the habitat-
stabilizing effects of the complex vegetation structure by
reduction of water movements, sediment stabilization,
immobilization of nutrients and accumulation of floral

biomass (Gregg and Rose, 1982; Pedersen and Borum, 1997;
Middelboe and Binzer, 2004) and has far reaching consequences
for a lagoon’s food web. In the Vitter Bodden, the effect of the
vegetation on water column parameters such as nutrients,
phytoplankton densities and suspended material was found to
be negligible, probably due to high water exchange rates with the
open Baltic Sea and a low vegetation height. However, a distinct
refuge effect of this vegetation was found for zooplankton and
assumed to contribute to the temporarily high grazing pressure
on phytoplankton (Meyer et al., 2019). In the more eutrophic
Grabow, macrophytobenthos had low contributes to total system
primary production and a reduced accumulation of biomass,
which indicates severe light limitation.

Phytoplankton biomasses were roughly one order of
magnitude higher in the Grabow than in the Vitter Bodden,
but measured daytime hourly NPP rates were rather similar in
both lagoons. These findings suggest that also phytoplankton was
severely light-limited in the Grabow. The dominating alpha
picocyanobacteria are of low food value for zooplankton, as
their mucous envelopes may obstruct the filtering organs or
lead to a rejection of the colonies (Schumann et al., 2009), and
low phytoplankton mortality may therefore explain the
maintenance of high densities in spite of low NPP rates.
Earlier investigations from the same lagoon system showed
that high water turbidity, caused by high phytoplankton
biomass, can cause negative depth-integrated net primary
production in winter and spring (Schumann et al., 2005). In
addition, high microbial respiration rates may occur in summer
months (Schiewer 1998). High self-shading and high community
respiration rates can explain why nutrient enrichment does not
further increase pelagic NPP in aquatic ecosystems, once a certain
threshold is exceeded (Oviatt et al., 1986; Schiewer 1998; Blindow
et al., 2006). Despite uncertainty in our estimates, we can show
that total community areal NPP was far lower in the eutrophic
lagoon than in the mesotrophic lagoon. We suggest that like
shallow freshwater ecosystems (Lopez-Archilla et al., 1992;
Blindow et al., 2006), also coastal lagoons can show a
“paradox of enrichment” phenomenon already on the primary

FIGURE 6 | Average daily net primary production for each macrophytobenthic phylum in (A) in g Cm−2d−1 for Vitter Bodden and (B) in g Cm−2d−1 for Grabow.
Filamentous growth is shown in vertical lines, all other growth forms in dashed lines. Bars are representing standard error of the mean.
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production level. According to our knowledge, this is the first
empirical evidence of this phenomenon for coastal lagoons. As
primary producers form the basis of the food web, we predict that
the same pattern may be reflected by higher trophic levels.

Macrophytobenthos Response to
Eutrophication and Management
Recommendation
Macrophytobenthos, which is the most important contributor to
total ecosystem primary production in the Vitter Bodden, has
severely declined in the DZBC. Restoration efforts have to focus
on stabilizing or–when lost–trying to restore this community.
Thereby, it has to be considered that the steps leading to
macrophytobenthic re-colonization may deviate from a simple
reversion of the causes, which were responsible for the former loss
(Duarte et al., 2008), and that, once lost, considerable efforts are
necessary to restore this community (Scheffer et al., 1993). In the
two studied coastal lagoons, the macrophytobenthos showed a
complex response to different eutrophication pressures. Moderate
eutrophication in the marine lagoon still allowed for a typical
seasonal succession of themacrophytobenthic community, but the
heavy overgrowth of rooted macrophytobenthos by filamentous
algae in spring and autumn indicates that the nutrient levels were
critical. During 2017, the macrophytobenthos main growth period
and species succession was squeezed between the turbid spring
and late summer condition, where proliferation of filamentous
algae reduced the light available under the macrophytobenthic
canopy. Additionally, a species shift from small bottom-dwellers,
especially charophytes, to tall canopy-formers has occurred since
the 1930s (Blindow et al., 2016). As a restoration measurement,
exogenous nutrient flows into the lagoon should be reduced to
prevent further decline in species diversity and thereby its habitat
and food web stabilising effect. To control the success of this
restoration effort, new macrophytobenthic health indicators
sensitive to nutrient loads need to be developed, as already
proposed for Danish coastal waters (Carstensen et al., 2014).
For example, sensitive species with a later growing period such
as F. vesiculosus and F. fastigiata need to be included into the
macrophytobenthic health assessment and their biomass and
cover regularly monitored in coastal lagoons (Carstensen et al.,
2014).

High eutrophication pressure in the estuarine lagoon reduced
macrophytobenthic species number, lowered biomass and
production and shortened its growing period (Piepho, 2017).
Only the pondweed S. pectinata was present during the complete
observation period of 2017 and could start its growing period
before the high phytoplankton biomasses limiting underwater
light availability during the rest of the year. Exogenous nutrient
load reductions for the DZBC over the last 40 years have not led
to the recovery of the macrophytobenthic species diversity and
biomasses in Grabow. Strong feedback mechanisms are assumed
to stabilise the phytoplankton dominance (Schiewer, 1998).
Additional internal restoration measurements have to be
considered to reduce the endogenous nutrient burden and
phytoplankton biomass and improve the under water light
availability, but are hard to apply because of the large

catchment area of this lagoon system and its connection to
surrounding lagoons. Planting of submerged macrophytes in
spring, when light conditions are most favourable for plant
growth should be considered, to recreate lost vegetated areas
(van Keulen et al., 2003).
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